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EDTA, pH 7.0). The DNA concentration was then quantified spectrophotometrically at 260 nm (1 AU = * 

50 pg DNA). 

For enzymatic digestion, 1.1 pg DNA was diluted in digestion buffer (5 mM HEPES buffer, 100 
mM KC1 final concentration), and 2pg each of endonuclease III and formamidopyrimidine (FaPy) 
glycosylase (Fpg protein), in a final volume of 30:1. This mixture was incubated at 37 C for 1 hour. 

Then proteinase K and NaCl were added to a final concentration of 20 mg/ml and 50 mM, respectively, 
and the mixture was incubated for an additional 1 hour. Samples were incubated both with and without 
endonuclease. The digested DNA was then analyzed via alkaline or neutral gel electrophoresis. 

For alkaline gel electrophoresis, 10.5 ml digestion solution, 3 ml tracking dye (15% Ficoll, 

0.025% bromophenol blue), and 1 .5 ml of 1 N NaOH and incubated for 15 min. at room temp. All of this 
mixture was then loaded into a 1% agarose gel and subjected to electrophoresis in alkaline solution (30 
mM NaOH, 2 mM EDTA, pH 12.5) at 7 V/cm for 5 hours. The gels were then stained with ethidmm 
bromide (a fluorescent DNA-binding stain) and photographed under ultra-violet light. 

For neutral gel electrophoresis, 4 ml digestion reaction was loaded into a 0.3% agarose gel and 
subjected to electrophoresis in TBE (90 mM trizma base, 90 mM boric acid, 1 mM EDTA, pH 8.0) at 1.5 
V/cm for 15 hrs. The gel was then stained and photographed as above. 

The average molecular length (Ln) of each sample was calculated with molecular length 
standards (coliphage T4 DNA, lambda phage DNA Hind in digestion, and 100 base pair ladder) using the 
methods of Freeman and Thompson (1990) . The amount of DNA damage was calculated according to 
the formula: D=(l/Lnl - 1/Ln2) x 100 . 

The number of oxidized bases, Lnl, is the molecular length of the sample with enzyme and Ln2 
is the molecular length of the sample without enzyme (both determined using alkaline gel 
electrophoresis). For number of single-strand breaks, Lnl is determined using alkaline gel 
electrophoresis, and Ln2 is determined using neutral gel electrophoresis (both are without enzyme)^ The 
amount of damage is reported as number of oxidized bases or number of single strand breaks per 10 base 
pairs. 

Results 



Figure 4 Electrophoresis strand break analysis results. 

The number of oxidized bases in the Gambusia flight (F) DNA was greater than that in the control 
(C) DNA. The opposite was true for the salamander DNA. No other samples showed evidence of 






oxidized base damage. There were no obvious trends in the number of single-strand break data. For the 
human DNA, the flight samples had roughly 7 more strand breaks/10 5 base pairs, but for the other species 
this trend seemed to be reversed. 


Species 
Human Flight 
Human Control 
Gambusia Flight 
Gambusia Control 
Salamander Flight 
Salamander Control 
Chicken Flight 
Chicken Control 


# Oxidized Bases 
0.00 
0.00 
5.98 
1.49 
8.19 
19.97 
0.00 
0.00 


# Single Strand Breaks 

37.56 
30.78 
26.92 
32.82 

56.76 

65.76 

36.57 
38.71 


Table 1 - Number of DNA single-strand breaks and oxidized nucleotide bases (per 105 bases) in DNA 
samples from different species exposed to cosmic and solar radiation. "Flight" samples were exposed to 
cosmic and solar radiation aboard the space shuttle. "Control" samples remained in the laboratory during 
the same period of time. 
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Figure 5 An agarose gel stained with ethidium bromide and photographed under UV light. "Size 
standards" are DNA fragments of known molecular length. The 1st 3 lanes on the left of the gel are 
standards: Lambda phage DNA cut with Hind m (high ladder) ; 100 base pair ladder (low ladder); and 
coliphage T4 DNA (single band). The next 4 lanes are samples from cuvettes. The samples are human 
flight (with then without enzyme digestion) and gambusia flight DNA (with then without enzyme 
digestion). 



‘Conclusions 

There was no clear evidence of cosmic radiation-induced DNA damage. It could be that the amount 
of damage from the cosmic radiation was so small that it is beyond the current detection limit of this 
assay. However, the DNA samples also had small amounts of trizma and EDTA mixed in with them. It 
is known that trizma (tris(hydroxymethyl) amino-methane) is a radioprotectant free-radical scavenger 
(Stanton et al. 1993), and EDTA may also be a free-radical scavenger, as are many other organic acids. 
Thus these compounds may have had a protective effect on the DNA in the samples. Also, the amount of 
DNA used in this experiment was low, so that the fluorescence of the DNA was small compared to the 
background fluorescence of the ethidium bromide stain in the gel. Thus the background fluorescence may 
have contributed extraneous variation when reading data from the gels. 

In GraDEx-H, an effort will be made to ensure that no radioprotective compounds are included in 
with the DNA samples. Also, more DNA will be used in the cuvettes, so that a higher concentration of 
DNA can be loaded into a well, thus minimizing the effect of background fluorescence in the 
determination of Ln. Additionally strands of known length e.g., a Coliphage enzymatically cut to a 
known length may be used as a substrate. Future work will also include a new series of ground 
experiments to determine the dose response relationship for various energy spectra as well as to determine 
the effects of mechanical stress on the DNA. 

The authors’ goals are not only to support future technical needs of the manned space program, 
but also to support education. Scientists as well as students from fields as diverse as Chemistry, 
Biochemistry, Physics, Engineering, Astronomy, and Environmental Science benefited from involvement 
in every level of design, fabrication, testing, and data analysis. The design and fabrication of the TAMSE 
and ASPR-GRaDEx-I payloads represent several years of time and learning invested by students and their 
mentors. The investigators and authors of this paper believe that interdisciplinary technical training of 
our youth is critical to the long-term interests of the United States. Only by maintaining a competitive 
technical edge will the United States continue to be a world economic and space leader. We are both 
grateful and proud to live in a country where opportunities like NASA’s GAS program are made available 
to educators, students, and other researchers. In the same spirit, data from the TAMSE and ASPR- 
GRaDEx-I payloads will be made available to educators who contact the authors 
(Joe.Ritter@msfc.nasa.gov and rolando@nsu.acast.nova.edu.). Those interested may visit the ASPR 
website at http://fs.broward.cc.fl.us/north/ecs/nasa/ . 

The authors believe that this technique can eventually be improved to a point where radiation 
dosimetry from very negligible to lethal doses can be accomplished in a single small lightweight 
inexpensive package suitable for use on both robotic flights, and in support of manned space flight. 
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